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AN EXPERIMENTAL INVESTIGATION OF THE UNSTEADY LIFT
INDUCED.ON A WING IN THE DOWNWASH FIELD OF
AN OSCILLATING CANARD CONTROL SURFACE

By David E. Reese, Jr.
SUMMARY

The results of an experimental investigation of the unsteady lift
induced on a wing in the downwash field of an oscillating canard control
gurface are presented. The in-phase and out-of-phase components of the
11t and their respective centers of pressure were measured at frequencies
from 10 to 110 cyecles per second over a Mach number range of 0.6 to 0.8
and 1.4 to 1.9 at angles of attack of 0°, 5°, and 10°

The results indicated that existing theories provide & reliable gulde
for the estimation of the magnitude of the 1ift derivstives and centers
of pressure at low values of reduced frequency and low angles of attack.
An estimation of the effect of frequency on the 1lift derivatives was
developed using a simple indicial function for the wing based on the lag-
in-downwash concept. The trends of the data with frequency predicted by
the theory were, in general, borne out by experiment at low angles of
attack.

TNTRODUCTION

With the present trend in airframe configurations for guided missiles
toward low-aspect-ratio wings and tails, the contribution of wing-tail
interference effects to the over-all stability of the configuration has
become of major importance. An accurate appraisal of these interference
forces is necessary not only for the usual stability calculations but also
in the design of automatic control eguipment.

In an analysis of the response of a missile to various guidance com-
mends, both static and dynamic forces and moments acting on the missile
must be considered. The requirement of rapid response to these commands
hag focused increased sttention on the dynemic quantities involved in the
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2 CONFIDENTIAL NACA RM AS55F01

calculations. One partlcular problem for canard-type missiles thet has
brought to light the need for information on dynamic interference forces
is associated with the longitudinal dynamic stability of these missiles.
In order to provide sufficient damping of . the longitudinal motion of the
misslle, damping is often supplied artificially by actuating the forward
control surfaces in proportion to the piltching velocity of the airframe.
Since it is posslble for a large portion of the total moment crested in
this manner to arise from the interference 1lift on the reer surfaces, it
1s necessary to know these dynamic interference effects with reasonable
accuracy in order to predict the response of the missile. A knowledge
of not only the magnitude of the interference 1lift but also its dependency
on frequency 1s requlred.

Scme theoretical estimates of static wing-tall interference forces
have been made by Nilelson, Kaattarl, and Anastasio (ref. 1) and Schindel
and Durgin (ref. 2). An experimental investigation of these forces and
moments for several wing-taill combinations is presented in reference 3
by Schindel and Durgin., Some theoretical values for the time-dependent o
forces are given by Miles (ref. L) and Martin, Dieterich, and Bobbitt
(ref 5) for very low frequencies. However, no published data on the
experimental determination of these unsteady interference forces and
moments are known to be availsble. The present experiment wvag, therefore,
planned to meet this need. '

SYMBOIS
CL8 lift derivetive in phase with control-surface position, positive
57.3 ST
upward, -———EEE, per radian
EpVZSBO
C_I-_lé 1ift derivative out of phase with control surface position (in
phase with control surface veloclty), positive upward
__EZ_EEEEL_, rer radian ' i
1 o¢C
V238
Es <52V>
Ltp - 1ift in phase with control position, 1b
Lop 1ift out of phase with control position, Ib
Vi
M Mach number, speed oF sound’ dimgnsionless
8 total area of wing, sq ft i
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v free-stream speed, ft/sec

e wing chord, ft

f frequency of oscillation'

k reduced frequency, %%, dimensionless

k. reduced fregquency at wind-tunnel resonance, dimensionless

l distance from control surface centroid to wing centroid, ft

1 w2

a dynamic pressure, 5pV=, Ib/sq ft

t time, sec

é) center of pressure of in-phase 11ft, positive behind wing
C1s leading edge, dimensionlese

Cé center of pressure of out-of-phase 1ift, positive behind wing
C1§ leading edge, dimensionless

o2 angle of attack of wing and body, deg

s) instantaneous control-surface deflection, deg

e} instantaneous control-surface angular velocity, deg/sec

2 meximm control-surface deflection, deg

50 maximum control-gurface angular velocity, wdg, deg/sec

P mass density of air, slugs/cu ft

) phase angle between 1lift and angular position of control surface,

deg
w angular frequency, 2xf, radians/sec
THEORY

The purpose of this investigation is to determine the unsteady 1ift
induced on a wing in the downwash field of an oscillating canard control
surface. In this section, methods will be presented from which results
can be obtained for the theoretical values of this 1ift. Frequency

CONFIDENTIAL
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effects on the phase relationshlp between. the induced 1ift and the con-
trol deflection are of primary Iinterest. For purposes of computation,
the induced 1ift at frequencles near zero will be treated first, however,
and then the effects of frequency wlll be studled. As is usually done in
dynamic stability calculstions, the amplitude of the unsteady 1ift will
be divided into two components, one in phase with the control surface.
poesition and the other in phase wlth control surface veloclty, the latter
belng commonly known as the out-of-phase lift. The model used for the
theoretical enalysis consisted of a canard control surface. and a wing -
alone, that i1s, a bodyless model. The degiee to which the body e€ffects
are considered in this report will be mentloned 1n a later section.

Frequencles Near Zero

The amplitude of the in-phase lift derivative 016 end its center
of pressure at values of %k approaching zero were calculated by the method
presented in reference 1. Since this procedure 1s commonly used in the
calculation of the static 1ift and center of pressure of winngody-tail
combinations, it need not be discussed further here.

The calculations for the amplitude and center of pressure of the out- __
of-phage 1lift derivative CL@ were based on the lag-in-downwash concept
eppearing in reference 6. .In this approximation the assumptlon 1s msade
that the downwash at the rear surface will be that created by the forward
surface at a emall time 1/V earlier, where 1 is taken to be the dis-
tance from the centroild of area of the control surface to the centrold of

area of the wing. Thus e
dec g8
4€w= --ES—-GT_EA"IS (1)
Where

Aey change in downwesh at the wing

de. change in downwash at the control . - _—

then
dec.z
Aey = - =50 5 (2)

‘The 11ft on the wing due to this change in downwash can be written

CONFIDENTIAL
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Iop = - qfAew(Cry),

&
a6 ¥ T (Cry), (3)

Where (CmeJ is the lift-curve slope of the wing alone in uniform flow.

But dec(CLa%J is the negative 1lift on the wing due to a small change in
downwesh dee- Thils negative 1ift divided by 4% dis then -~ CLG’ 80

A
Iop = - ¢88 ¥ Cig (%)
In coefficient form this 1ift is
1
C%=-EEC15 (5)

which corresponds to the answer obtained by Martin, Dieterich, and Bobbitt
in reference 5.

Frequency Effects

The effects of frequency on the lift derivatives -at a Mach number of
1.7 were calculated using the response of the wing to an impulsive deflec-
tion of the control surface. This indicial response of the wing was cal-
culated by methods presented by Tobek in reference T. The indicial
response was then converted to frequency response through the use of the
Duhamel integral.

Since the calculations necessary to define the indieial lift response
for the present problem were quite lengthy, they were carried out only for
a Mach number of 1.7 and en angle of attack of 0°. However, it was found
for this cese that a good approximation to the frequency response obtained
by the more exact solution could be made by assuming an indicial 1ift
response based on the lag-in-downwash concept. This is an extension then,
to include the effects of frequency,
of the theory on which the low-
frequency values of the out-of-phase 4
lift derivative were based as given Cy,
in the preceding section. In this . g%
approximation it is assumed that the . \uas
wing experiences no 1ift until the
downwash impulse from the control
gsurface has reached the midchord of Cy,
the wing. At that time the 1ift of
the wing immediately assumes its
steady-state value. This results in
an indiecial function of the form _
shown in sketch (a), where t* is Sketch (=)

CONFIDENTIAL
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the time required for the pulse to travel from control surface midchord
to wing midchord and Cp¥ is the steady-state value of the 1ift of the
wing in the presence of the downwash from the control.

The time +t* has an Important physical meaning as is shown in refer-
ence 7. In that paper it is shown that the indicisl 1ift of the wing due

A

CL

Sketch (b)

to the downwash from the suddenly
deflected control surface has the form
shown in sketch (b). It is also shown
that, with the fulfillment of certain
t mild conditionse, the time at which the
indicial curve crosses the zero lift
axis 1s very nearly equal to the time
t* defined above. It was also found
that, in frequency-response calcula-
tions of the derivetives Cr. and
CLé, the effects of the two shaded
peake tended, in large part, to
cancel, Thus good correspondence
between the results based on the sim-

plified indicial response and those based on the more exact solution is

Indicated.

Once the indiclal function has been defined, it i1s possible to obtain

the variation of the 1ift on the

wing with frequency through the use of

the Duhamel integral. TIn reference 7 Tobak has used the Duhamel integral
to derive the following equations for the in-phase and out-of-phase lift _
derivatives in terms of the indicial functions of the wing:

CL6 = A
CLg = CLq_* -fooFl(e)cos
o
Where
Fi(e) =
Fe(o) =
and

016(9) indicial response of the
control surface -

[o0] (=]
CIg* - kff F,(6)sin k'o do + k'_?f Fo(0)cos k'e de (6)
(o] . ..

o]
k'6 do - k'f Fo(0)ein ke 4o (7)
O .

CLS(G) - CI—‘B*
ch(e) - Crg*

wing to & step deflection & 'of the
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CIS* steady-state 1ift on the wing due to a deflection & of the
control surface

ch(e) indicial response of the wing to a step change in pitching velo-
city q - of the control surface

CLq* steady-state 1lift on the wing due to & piltching velocity q of
the control surface

e nondimensional time parameter - 20t
kt reduced frequency, defined in reference T as g%

It can be shown that, for the problem considered in this section,
Cr ¥ and the integrals containing Fz(e) are small relative to the

remaining terms in the equations. Meking this approximstion and noting

that k! = %-k, we reduce equations (6) and (7) to

[oo]
C C
Crg = CIg* - 3 kj(; F1(6)sin 3 ko 46 (8)

Crg -jomFl(e)cos % ko de (9)

Performing the integrations indicated in equations (8) and (9) on the
indicial function defined in sketch (a), we derive the following relation-
ships:

C1g = C1g* cos 2k (10)
C1g = - 3 Ot S (1)

These expressions give the values of the in-phase and out-of-phase 1ift
derivatives ags functions of frequency. It 1s apparent that the limiting
values of equations (10) and (11) as k approaches zero give the results
obteined in the preceding section.

The phase angle between the induced 1ift and the control deflection
is
1 (u)c/EV)CLé

OLa (12)

@ = tan™t ;gg = tan”

CONFIDENTIAL
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Substituting the expressions from (10) and (11) in equation (12), we find
that

¢ = x - 2k radlans (13)

In order to obtaln the variation of the centers of pressure of the

- in-phase and out-of-phase lifts with frequency 1t was necessary to obtain
values for the in-phase and out-of-phase pitching moments corresponding

to those found for the 11Fft in equations (10) and (11). For this problem
the indicial variation of the pitchlng moment with time was again that
shown in sketch (a). While the calculations are not shown, it is apparent
that the expressions for the pitching moments will be identical to equa=
tions (10) and (11) with the substitutlon of the sppropriate moment deriva-
tives for the 1ift derivatives. Since center of pressure is defined as
pitching moment divided by lift, it can be seen that both the centers of
pressure of the in-phase end out-of-phase 1ifts are equal to the center of
pressure for the steady-state case and that there is no variation of center
of pressure with frequency. Therefore the method of reference 1 was used
to calculate these values.

APPARATUS

Wind Tunnel

The investigation was conducted in the Ames 6~ by 6-foot supersonic
wind tunnel which is of the closed-return, variable-density type and which
has & Mach number range of 0.6 to 0.9 and 1.2 to 1.9. A detalled descrip-
tion of the flow characteristics of this wind tunnel can be found in
reference 8.

Model

The model consisted of a rectangular wing and s rectangular control
gurfece mounted in canard arrangement on a slender cylindrical body of
fineness ratio 1l4. The dimensions of the model are given in figure 1.
Both the wing and the control surface were composed of 5-percent~-biconvex,
circular-arc airfoil sections, A 5-inch, hollow, circular cylinder fitfed
with an ogival nose served as the body. The model was fabricated from
steel with the exception of the nose and wing. The nose section was made
of fiberglass-reinforced plastic while the wing was made from magnesium
to reduce its mass to & minimum. A three-phase induction motor was used
to rotate the control surface in near sipusoldal oscilllations gbout its
midchord by means of the drive linkage shown in figure 2. The model was
sting mounted in the wind tunnel and a strut was used to stiffen the body
against the oscillating loads produced by the control surface. The loca~-
tion and dimenslons of the strut are given in figure 1. '

CONFIDENTIAL
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TECENTQUE AND INSTRUMENTATION

There were four quantities obtained during this investigation: the
amplitude of the oscillating 1lift induced on the wing in phase with the
angular position of the control surface, the amplitude of the oscillating
1lift induced on the wing in phase with the angular velocity of the control
surface, and their respective centers of pressure. The measurement of
unsteady forces such as those encountered in this investigation usually
necessitates equipment in the nature of an osclllograph or an osclilloscope
to record or view the dynamic signals. The use of such equipment is some-
what inconvenient compared with thet utilized in static tests in that, in
meny cases, the desired quantities are not indicated directly and addi-
tlonal steps such as £ilm reading and harmonic analysis must be added to
the date-reduction process before the final result is obtained. It would
be desirable, then, to use a technique that would eliminate these addi-
tional steps and make it possible to read the peak magnitudes of the
dynamic quantities directly.

The technique and instrumentation employed in this investigation per-
mitted the rapid, direct measurement of the peak magnitudes of the in-phase
and out-of-phase components of the 1lift on the wing. The method consisted
of multiplying a signal proportional to the induced 1lift on the wing by a
gine or cosine signal in phase wlth the control-surface position and velo-
city, respectively. These two products can be written as:

Pgin = 8in wt Lysin(wt + o) - (14)
Pcog = co8 wt Igysin(wt + @) (15)
where

Iyein(wt + @). the oscillating 1ift induced on the wing

Q phase angle between the oscilllating 1ift and the angular
position of the control surface

Pain product of the sine signal and the osclllating 1lift

Poos product of the cosine signal and the oscillating 1iff%

Equations (14) and (15) can be rewritten as:

Pgin =_%%-[cos @ - cos(2wt + 9)] (16)
Poog = %5 [sin ¢ + sin(2wt + 9)] (17)

CONFIDENTIAL
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But the magnitude of the in-phase 1ift is defined as IL;cos @ and that

of the out-of-phase 1ift is defined as L;sin @. Thus, it is evident

that if the time-varying portions of the product signals are filtered out,
the remaining parts are proportional to the components of the 1ift in_phase
with the angular position and angular velocity of the control surface.

The technique described above can be realized with a system made up
of three parts: a load measuring devlice capable of producing a signal pro-
portional to the induced lift of the wing, & circult producing the sine
and cosine signals, and an indlcating device that will respond only to
steady silgnals. The force induced on the exposed portion of the wing was
indicated by strain gages mounted on the wing supports. The arrangement
of these strain-gage members is shown in figure 3. In all, elght strain-
gage brldges were used, two on each of the four wing supports. In order
to compensate for any spanwise movement of the center of pressure, each
bridge on the left side of the body center line wes connected in parallel
with 1ts counterpart on the right side. Thus there were four bridge pairs,
two located at the wing leadlng edge and two located at the tralling edge.
This arrangement of straln-gage circuits provided dupllcate indication of

the components of the induced 1lift acting at the leading and trailing edges'

. of the wing, and the dual circults were then used to find the in-phase and
out~-of-phase parts of these lifts. The sum of the in-phase 1lifts at the
leading and trailing edges gave the total In-phase 1ift while the ratilo
of the 1lift at the tralling edge to the total 1ift gave the distance of

the center of pressure from the leading edge in percent chord. These cal- |

culations were also carried out for the out=of-phase 1lift.

The product of the force signal with a sine or cosine signal was
obtalned by using a sine or cosine voltage as power for the strain-gage
circuits. The output of the gage circult was then proportional to the.
stress in the gage multiplled by the applied voltage signal, The sine
and cosine voltages were produced by a circuit which utilized a commercial
induction resclver whose armature was drliven by the motor driving the con-
trol surface. A 20-kec sinusoidal carrier wave was used as an input signal
to the resolver. This carrier wave was modulated sinusoldaelly by the
resolver at the drive frequency to glve two output signals with a 90° phase
difference. These signals were each passed through a half-wave rectifier
and filter to remove the carrier frequency and amplified to the level
needed to drive the strain-gage circuit. - _ _ .

The outputs.of the strain-gaege clircuits were connected to light-beam
galvanometers. The frequency response of these galvanometers can be
described adequately by the response of a spring-mass-damper system. The
differential equation of motion for the system 1s:

mX + ckx + kx = P sin wt (18)

and the solutlon to this equation is

CONFIDENTIAL
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x = Xst sin(wt + €) (19)

[B-@ T

where

J&
S5 Wo

(wo>

xgt static deflection of the galvanometer to & steady signal of
magnitude P.

€ = tan™1

and

Wo natursl frequency of galvanometer, ’ -Il;.{l‘

C

4 damping ratio of galvanometer,
2~/km

Examinstion of equation (19) shows that if the ratio of the signal
frequency ® to the netural frequency w, 1s sufficlently large, the
response of the galvanometer to the signal is essentially zero. The
response is also decreased by & high damping ratio. The galvanometers
used during this investigation had sufficiently low natural frequencies
and high damping that no response was observed to signals of 10 cycles
per second or greater. _As a result, the galvanometers acted as filters
to remove the time-varying portions of the strain-gage signals and only
the steady part of the signal was indlcated.

 TESTS

The investigation of the unsteady 1lift induced on the wing by an
oscillating canard control surface was conducted over a Mach nuﬁber range
of 0.6 to 0.8 and 1.4 to 1.9 at angles of attack of 0°, 5°, and 10°. The
minimum supersonic Mach number was chosen such that the reflectlon from
the tunnel walls of the shock waves from the control surface fell behind
the wing trailing edge. A constant Reynolds number of 1.67x10® based on
wing chord was held for the entire test.

The control surface was driven at frequencies from 10 to 110 cycles
per second covering reduced-frequency ranges of O. 06 to 0.70 at a Mach num-
ber of 1.9 and 0.15 to 1.80 at & Mach number of 0.6. The maximum amplitude
of the control surface oscillations was fixed by the drive linkage at 5°.

CONFIDENTIAL
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CORRECTIONS TO DATA

The only corrections made to .the data obtained in the subsonic speed
range were to the Mach number and dynamic pressure of the flow. It was
recognized that the phenomenon of wind-tunnel resonance and its effect
on the ailr forces acting on an oscillating two~-dimensional wing hes been
predicted on a theoretical basis and that experimental verification of
this theory has been made (ref. 9). However, the author knows of no pub-
lished corrections for the effects of tunnel walls on the oscillatory sair
forces of a subsonic three-dimenslonal wing. Woolston and Runyan in ref-
erence 10 give an equation for the resonant frequency of a tunnel having
a rectangular cross section which has been used to calculate tunnel reso-
nant frequencies for this investigation. These frequencies are shown in
thelr appropriate places with the data and will be discussed more fully
in a subsequent section.

The Mach number and dynemic pressure of the subsonic flow were cor-
rected for blockage effects by the method presented in reference 1l. At
a Mach number of 0.8, these corrections amounted to an Increase of about
1.5 percent in the Mach number and dynamic pressure over the value obtalned
from measurements made wilthout a model in the tunmnel.

No corrections were made to elther the flow conditions or the 1lift
data at supersonlc speeds. .

The possibllity of errors due to air-stream fluctuations of a periodic
nature was considered. - These perilodic fluctuations could be caused by
tunnel turbulence, an oscillating wake shed from the nose of the model at
angle of attack, or possibly by the wake from the supporting strut. Tn
order to evaluate this effect, a series of tests were made on the model
with the control surface removed. These tests showed that there were no
periodiec fluctuations in the air stream of measurable magnitude for the
range of Mach numbers, frequencies, and angles of attack covered in this
investlgation. : -

PRECISION OF DATA

In the section "Technigque and Instrumentation," the system used in
this Investigation was presented in its simplest form in order to show the
essential features of its operation. As could be expected, actual practice
proved the system to be more complex than was indicated from simple con-
siderations. These complexities, as it turned out, determined the accuracy
of the final results. In this section, the various factors that contribu-
ted to a departure from the elementary system mentioned previously will be
discussed in termes of thelr relationship to the precision of the data.

CONFIDENTTAL
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The usual starting point for a discussion of the precision of the
data is concerned with the least readings of the quantities involved in
the reduction of the data to coefficlent form. For this investigation
these readings were as follows: 1lift, 0.05 pound; stagnation temperature,
29 Fahrenhelt; stagnation pressure, 0.2 centimeter of mercury; period of
oscillation (1/f), 0.0001 second. The total uncertainty in the coeffi-
cients due to least readings was taken as the square root of the sum of
the squares of the effects of these least readings. This calculation led
to uncertainties of +0.003 for Clﬁ, +0.12 for CLé, +0.005 for center of
Pressure, snd i0.5° for @.% :

In the earlier description of the technique, the expressions for the
terms in the product signels (egs. (1k4) and (15)5 were written in an ide-
alized form. In general, however, the straln-gage output cannot be
expressed as a simple sine function but will also contain a steady term
and harmonics of the fundemental frequency. These harmonics could arise
from the distortion in the control-surface motion produced by the drive
mechanlism or from a nonlinear response of the downwash to the control
deflection. The driving volteges could also contailn harmonics introduced
by the electronic circultry producing them. Therefore, the signals must
be written as:

o8]

L=1I, +ZLnsin(nwt + Qp) (20)

=1

2]

Vein =—.ZBm sin(mot + 6p) (21)
n=1

0

Veos =Zcm cos(mwt + ep)

m=1
where
L total 1ift on the wing
vsin sine voltage

Vveos cosine voltage

1Tt should be noted that the uncertainty due to least reading becomes
very large as the 11ft forces approach zero. The values given here are
for average values of in-phase and out-of-phase 1lift.

CONFIDENTTAL
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steady lift on the wing
amplitude of the nth harmonic of the oscillating lift

phase angle between the nth hermonic of the 1ift and the position
of the control surface .

emplitude of the mwth harmonic of the sine voltage

phase angle between the mth harmonic of the sine vol‘tage and the
position of the control surface - —

amplitude of the mth hermonic of the cosine voltage

phase angle between the mth harmonic of the cosine voltage and
the velocity of the control surface

The products of the 1lift and the sine or cosine signal are then

Pain

PCOS

LoiBmsin(mmt + 6p) i LpBpsin(nut + q)n)sin(mwt + em)

ney m—l

IOZBmsin(m_mt + 6p) +i ZLan {cost(n - m)Qt + o - em]-

m=1 =1 M=1

cos[(n + m)wt + @+ Qm]} - : (22)

LOZCmcos(mt + €p) +Z Zlncmsin(nwt + @ )cos(mwt + €)

=1m=1

LOZC cos(mmt + em) +Z ZLﬂCm {s:m[(n - m)mt + q)n - em] +

n=1 m=1

sin[(n + m)wt + @, + em]} (23)
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Examination of equetions (22) and (23) shows that the only terms in
the expressions that are not functions of time arise from the products of
like harmonics in the 1ift signal and driving voltage. Thus the signals
indicated by the galvanometers are:

Pgin = ngl cos(@; - 61) + Eﬁ;ﬁ cos(gz - 62) + . . . (2k)
I,C . C
Peos = 121 sin(gp, - €1) + 1'222 sin(pz - €2) + . . . (25)

The deslred quantities are, of course, the in-phase and out-of-phase com-
ponents of the fundamental emplitude of the 1ift, that is, L cos @, and
LlSin CPJ_-

It can be seen then that the higher harmonics can produce spurious
signals which would lead to erroneous results.

Since no measurements were made of the harmonic content of the lift
signal, it was not possible to determine quantitatively what errors were
introduced from this source. However, harmonic analyses of the output of
the resolver circults were made during calibration and it was found that
there was T percent of the fundamentel amplitude present as second harmonic
and 1 percent as third harmonic in both the sine and cosine voltages for
the frequency range of the investigation. All higher harmonics were negli-
glble. Thus if By = 1, then By .= 0.07, B = 0.0L and By, Bs, . . . = 0.
Hence, if the amplitude of the second harmonic equals that of the funda-
mentel in the 1lift signal, the error in the measurement of the fundemental
emplitude would be T percent. It can be seen therefore that the low har-
monic content of the sine and cosine voltages reducees any error due to
harmonic content of the lift force.

The misallnement of the resolver was another factor that could lead
to error in the final result. This misalinement can be thought of in terms
of a phase angle between the sine and cosine voltages and the position and
veloeity of the control surface, respectively. The resolver would be per-
fectly alined if these phase angles were zero. The general form of the
products written above incorporated these phase angles. Inasmuch as it
has been shown that the effects of the second harmonics, or higher, are
smell, only the alinement of the fundemental amplitude of the resolver
signals was considered. Calibrations were made during the course of
testing which showed that the average values of 06, and €; were about
0.5° each. It can be shown that s resolver misalinement of 0.5° will
introduce an error of not more than 0.5° in the calculation of the phase

angle ®y.

The remaining factor to be discussed with regard to the precision of
the data is the response of the mechanical system to oseilllating loads.
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It was recognized that the output of the strain gages indlcatlng the 1ift
on the wing would be influenced by the response of the varlous parts of
the mechanical system to the osclllating loads. In order to obtain a
quantitative measure of this influence, a serles of calibrations were made
on the model in place in the wind tunnel by epplying an oscillating force
of known magnitude and messuring the amplitude and phase response of the
gystem indicated by the output of the strain. gages as the frequency of the
input force was varled. These calibrations showed that above a frequency
of 110 cycles per second, the natural frequency of the wing panels 1n
bending (140 cps) introduced large errors in both amplitude and phase

angle. In addition, 1t was found that the body natural frequency in bend-

ing occurred at spproximately 85 cycles per second. However, the influ-
ence of this resonant peak on the response of the system was restricted to
a narrow frequency band. Thus, by testing over a frequency range up to-
110 cps and omitting a band near 85 cps, large errors arising from reso-
nance of parts of the mechanical system were eliminated. With these
reglons eliminated, the results of the calibratlons still showed small
deviations from the ideal response. Since this scatter was greater than
any known inaccuracies in the instrumentation, it was felt that it should
be attributed to the response of the mechanical system and therefore had
to be taken into account in the precision of_the results. The calibra-__
tions showed that the root-mean-square deviation of the indicated force _
from the true force was *6.4 percent of the true force, the rms deviation
of center of pressure was *0. 02 wing chord, and the rms deviation of the
phase angle from zero was Z1. 7

Tt can be seen that the scetter in the results of the frequency-
response calibrations for the mechanical system is the primary factor in
the determlination of the precision of the final result. The calculation
of the uncertainty in the results including the effects of least reading,
resolver misalinement, and mechanical-response errors led to values 0. 02h
for Crg, *0.24 for CLS, +0.02 for %/c, and *1.9° for q.

RESULTS AND DISCUSSION

The results of the experimentsl investigetion of the unsteady 1ift
induced on a wing in the downwash field of an oscillating canard control
gsurface are shown in figures U4 through 8 as a function of reduced frequency
for several Masch numbers and angles of attack. The nondimensional 1ift
derivatives in phase and out of phase with control-surface position are
presented in figures 4 and 5, while thelr respective centers of pressure
are shown in figures 6 and 7. The varilation of phase angle wlth reduced
frequency is shown in figure 8 for the data obtained st o« = 0°. It should
be noted that, since the experimental values of the 1lift derivatives were
obtained by dividing the 1ift by B8 or 8y, the assumption is implicit that
1ift is a linear function of B and 8.
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Also shown on these figures are the corresponding theoretical values
computed using equations (10), (11), and (13). The values of statlc 1if%,
CL %, used in these calculations were computed by the method of refer-
ence 1. Thus, while the theoretical development of equations (10), (11),
and (13) was based on a bodyless model, the calculated values of Cyp ¥
were based on wing-body theory. In other words, it has been assumed that
the body affects the initial values of the 1lift derivatives (k—€>cﬂ but
does(no? gffect thelr dependency upon frequency given in equatlons (10)
and (11).

In-phase 1lift derivative.- Figure 4 is a plot of the in-phase 1lift
derivaetive C versus reduced frequency for the Mach numbers and angles
of attack covered. Examination of this figure shows that the theory of
reference 1 provides a relisble gulde to the estimation of Cp,. at low

frequencies for an angle of attack 0°. In addition, the theoretical trends
of CL8 with frequency calculated using the simplified indiclal response

were, in general, borne out by the experimental data for this angle of
attack. At the higher angles of attack, however, there were some depar-
tures from the theory. For supersoniec Mach numbers, the primery differ-
ences were in magnitude. The trend of the date with frequency remelned
the same as the angle of attack increased. At subsonic speeds, large
variations iIn both megnitude and trend with frequency appeared. This was
most noticeable at an angle of attack of 10°. While there is not suf-
ficient evidence to explain this result conclusively, partial separation
of the flow over the control surface may be one of the causes. Static
tests of & similer wing (ref.12) show that at subsonic speeds, the flow
begins to separate at an angle of attack of about 10° and that the 1ift no
longer increases with increasing angle of attack above 16°. Since the
angle of attack of the control surface varied from 5 to 15 during each
cycle when the body angle of attack was at 10° » Tthe character of the flow
was probably changlng radlcelly through each cycle, thereby affecting the
1ift induced on the wing.

The possibllity of an effect of wlind-tunnel resonance on the data
obtained at subsonlc speeds must be considered. The wind-tunnel resonant
frequencles, k,, are shown in the figures in terms of reduced frequency
for each of the subsonic Mach numbers. It was shown in reference 9 that,
for the two-dimensional case, the effect of tunnel resonance 1s to decrease
the 1i1ft markedly near the resonant frequency. Examination of the data
obtained in this Investigation Ilndicates that 1f a wind-tunnel resonance
phenomenon exists for thls particulsr combination of model and tunnel, 1%
does not have the simple effect indicated in reference 9.

A comperison of the results calculated by the simplified indicial
response and those calculated by the more exact indicisl response is shown
in figure 4(b) for a Mach number of 1.7. It is apparent that the differ-
ences are quite small over a large portlon of the frequency range, thus cor-
roborating the statement concerning this fact mede in section "Theory."

CONFIDENTIAT
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It may be well to mention here the point brought out in the intro-.
duction concerning artificisl demping for canard-type missiles. Since
demping may be added by motion of the control surface proportionsl to the
missile pitching velocity, the in-phase 1ift_shown in figure 4 contributes
to the demping of the missile. The results show that i1f the piltching
frequency 1s sufficiently high, there would be a serious reduction and
posslbly a reversal of the damping moment supplied by the rear surface.
However, the probability that the pltching frequency will reach these
values appears small. . .

Out-of-phage 1lift derivative.- The 11f%t derivative out of phase with
control deflection, CLg’ 1s shown plotted versus reduced frequency in fig-

ure 5. Here the predictions of the theory are confirmed by the experiment
for o = 0° at subsonic gpeeds. However, as was the case for the in-~phase
derivative, the agreement between experiment and theory became poorer as
the angle of attack increased, with the data obtained at o = 10° showing
& marked difference from that obtained at the lower angles. '

In the supersonic speed range, the theoretical values of CLg at

low frequencies show somewhat better agreement with experiment at a = QS
then &t the higher angles of attack. However, the decrease in CL5 with

increase in the frequency predicted by the simplified indicial response
ls not reflected in the experimental velues. Exemination of figure 5(b)
shows that the more exact indlclal-response result is similar to that for
the simplified indicial response. Calculations of the values of CL

have shown. that the frequency response of this derivative is highly sen-
sitive to changes in the details of the indicial curve. Hence, better
agreement could be dchieved with a more refined indicial function. T

Center of pressure of in-phase 1lift.- The experimental values of the
center of pressure of the in-phase 1ift are shown in figure 6 along with
the theoretical values for o = 0°. The theoretical values were calculated
by the method of reference 1. Since this method 1s based on linear theory,
no varilastions of center of pressure with angle of attack are predicted.

The theory of reference 1 predicts the location of the center of
Pressure very well for all Mach numbers at low frequencles and low angles
of attack. In addition, the lack of variation with frequency predicted
by the simplified indicial approach is borne out by the experimental data
over most of the frequency range. The large deviations from the thecreti-
cal values were obtained either for conditions where the in-phase lift wa.s
near zero, thus affecting the accuracy of measurement, or at « = 10° for
subsonic Mach numbers where 1t is known that the 1ift forces themselves"
do not follow the predicted results.

Center of pressure of out-of-phase lift.- The experimental data for _
center of pressure of the out-of-phase 1ift, presented in figure 7,
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confirms, in genersl, both the magnitude and trend with fregquency pre-
dicted by the theory (excluding the date at o = 10°). At the lower
frequencies, the data obtained in the subsonic speed range show values
gomewhat forward of those predicted by theory, but at supersonic speeds
agreement is good throughout the frequency range.

Phase angle.- Perheps the most direct application of the lag-in-
downwash concept is to the calculation of the phase angle of the 1ift
induced on the wing. Here, the time necessary for a disturbance to travel
from the forward surface to the rear surface - the lag - can be converted
directly to a phase angle for a given frequency. Figure 8 shows a com-
parison between this theory and the phase angles obtained at all Mach
numbers for an angle of attack of 0°. It can be seen that this simple
theory predicts the experimental varlation of phase angle with freguency
adequately for all Mach numbers for values of k up to gbout 1.0. Beyond
that value the experimental results are somewhat higher than theory. While
only the phase angles for a = 0° are presented in this figure, the phase
angles for the other angles of attack, with the exception of those obtained
at o = 10° and subsonic speeds, showed the same variation with reduced
frequency.

CONCLUSIONS

An experimental investigation of the unsteady lift induced on a wing
by the downwash field of an oscillating canard control surface-led to the
following conclusions:

1. Existing theories provided a relisble gulde to the estimatlion of
the magnitudes of the in-phase and out-of-phase 1lift derlvetives and thelr
respective centers of pressure at low values of reduced frequency and low
angles of attack.

2, The trends of the date with frequency calculated with the use of
a simple indicial 1lift response for the wing were, in general, confirmed
by the experimental results at low angles of attack.

Ames Aeronauticel Lsboratory
National Advisory Committee for Aeronsutics
Moffett Field, Calif., June 1, 1955
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Figure 4,~ Variation of in-phase 1ift derivative with reduced frequency.
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Figure 5.~ Varigtion of out-of-phase 1lift derivative with reduced frequency.
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Figure 5.- Concluded.
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Figure 6.~ Variation of center of pressure of in-phase 1lift with reduced
frequency.
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Figure T.= Variatlion of center of pressure of out-of=-phase lift with
reduced frequency. )
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